Introduction
Dye sensitised solar cells (DSSCs) have promising potential for low cost photovoltaic energy conversion.
1,2 The state of the art DSSCs have reached record power conversion efficiencies (PCE) of 12-14.3%. [3] [4] [5] This recent breakthrough in DSSC efficiency followed the introduction of alternative cobalt polypyridine redox mediators, [6] [7] [8] which supersede the previous standard iodide/triiodide redox system. Some signicant improvements include the greatly enhanced open-circuit voltage, 3,9,10 the reduced competitive light absorption from the electrolyte, 7, 8, 11 and the reduced tendency to corrode metal components. 7, 12, 13 However, these advantages come with the trade-offs of faster electrolytic recombination 6, 8, 12 and up to one order of magnitude lower diffusion coefficient. 8, 14 Therefore, substantial effort has been made to improve the mass transport of the redox mediator, for instance, by reducing the redox mediator bulkiness, 8, 14 increasing the redox mediator concentration, [14] [15] [16] [17] increasing the TiO 2 porosity, 18-21 reducing the TiO 2 lm thickness, 8, 16, 17 reducing the inter-electrode distance, 11, 16 heating of the electrolyte, 22, 23 and reducing the electrolyte viscosity.
14,20
Unfortunately, such optimisation has mainly been conned to highly ammable, volatile and toxic acetonitrile-based electrolytes, which, despite yielding record efficiencies on paper, are unsurprisingly unrealistic for commercialisation. More pressingly, little progress has been made to replace the iodide/ triiodide redox system for robust electrolyte DSSCs. On the other hand, high stability devices engineered with more viscous and robust electrolytes perform much worse, primarily due to mass transport limitations of the redox mediator. Thus, it is important to better understand how the devices can become mass transport limited and develop strategies to circumvent this issue. Specically, in this work, the effect of the absorption prole across the mesoporous TiO 2 photoanode is investigated with respect to mass transport. Typically, DSSCs require strongly absorbing sensitisers or thicker sensitised lms, in order to maximise light harvesting. However, the light absorption prole also affects the subsequent spatial distribution of oxidised redox mediators, and in particular, within the electrolyte-inltrated TiO 2 lm. Critically, this could contribute to mass transport limitations, given that redox mediator diffusion is signicantly lower in the electrolyte-inltrated TiO 2 relative to the bulk electrolyte. 15 The aim of this work is to critically study the factors contributing to device operating limitations and to develop strategies for improving mass transport, in order to shi away from volatile acetonitrile-based electrolytes. Despite the excellent photostability of cobalt-based electrolytes, 15, 16, 24 electrolyte solvent leakage remains a critical issue for the long-term operating stability. 15, 25 Thus far, there has been substantial effort to increase the stability of DSSCs, with respect to sealing the electrolyte inside the device, for instance, through the use of electrolytic gelling agents, [26] [27] [28] polymer electrolytes, [29] [30] [31] [32] and ionic liquids.
33-36
Unfortunately, these methods signicantly reduce redox mediator diffusion and thus the device performance, especially for bulkier redox mediators. In this work, various photogeneration proles were investigated by controlling the direction of the illumination source facing the device, 37-39 the wavelength of the illumination source, 40 and the TiO 2 photoanode thickness. The combination of higher light intensities, strongly absorbed wavelengths and thicker lms can be used to simulate more extreme cases of mass transport limitation. This can be compared to other similar DSSC devices, in terms of equivalent photocurrent density output. Overall, this work is especially relevant to the development of more stable albeit inherently mass transport limited DSSCs, which remains a substantial portion of ongoing DSSC research. Nevertheless, the understanding of operating limitations should be broadly relevant to electrolytic DSSCs.
Experimental

Materials and chemicals
All chemicals were purchased from Sigma Aldrich unless otherwise stated. Fluorine doped SnO 2 (FTO) glass substrates (TEC15 and TEC8) were purchased from Pilkington. TiO 2 paste (DSL 18NR-T and DSL 30NR-D) was purchased from Dyesol. Cobalt (II/III) 
Device fabrication
Fluorine doped tin oxide (FTO) glass substrates were cleaned using detergent, de-ionised water and ethanol. Working electrodes were prepared with an initial TiCl 4 treatment; the TEC15 FTO substrates were heated in 40 mM TiCl 4 aqueous solution at 70 C for 1.5 h, and then sintered for 30 min at 500 C. TiO 2 lms were screen printed onto the substrates using Dyesol 18NR-T TiO 2 paste and 5 Â 5 mm (120 T) screen printing meshes, and then sintered again. A nal TiCl 4 treatment was repeated for 30 min, followed by sintering. Finally, the substrates were cooled down to 120 C, immersed in dye bath were measured by using a prolometer (Veeco Dektak 3). TiO 2 photoanode thicknesses ranged from 6.5 to 19.5 mm AE 0.2 mm, which corresponds to the bulk electrolyte thickness ranging from 13.5 to 0.5 mm. UV-vis absorption was measured using a Varian Cary 5000 spectrometer. For UV-vis measurements, a 3.5 mm LEG4-sensitised lm (18NR-T) was measured in air. Absolute irradiance spectra were measured using a UV-vis spectrometer (HR2000, Ocean Optics) tted with a cosine corrector (CC-3-UV, Ocean Optics), which was calibrated using a reference halogen light source (DH-2000-CAL, Ocean Optics).
In a follow-up experiment, additional 6.5 mm TiO 2 lms were prepared to compare the effect of different FTO blocking layers: (a) with TiCl 4 pre-treatment, (b) without TiCl 4 pre-treatment, and (c) with a compact TiO 2 blocking layer prepared following a spray pyrolysis method. 
Device characterisation
Measurements were made under white LED (WLED) illumination (Bridgelux, BXRC-27G10K0-L-03) and maintained at 25 C (WLED colour spectrum shown in Fig. 2a and S1b †). The illumination intensity was further concentrated by using an aspheric Fresnel lens (46-389, Edmund Optics). This enables higher light intensity from a greater distance, which minimises the amount of heat output from the LED reaching the cell. Both the LED and cell were mounted on fan-cooled heatsinks to maximise cooling. This enabled the cells to be kept at 25 C, even under high intensity illumination. Importantly, this excludes temperature as a variable from the experiment, which can signicantly affect mediator diffusion and PCE. 41, 42 The light intensity of the WLED was calibrated to produce the same photocurrent, using a certied reference Si cell (Fraunhofer ISE), as measured under AM 1.5 solar simulator illumination (Newport). Therefore, we can compare equivalent "sun" intensities, in terms of the photon ux density. Band-pass lters were used in conjunction with the WLED to vary the relative wavelength output (transmission spectra of lters and absolute irradiance spectrum of WLED with lters, shown in Fig. S1a † and 2a, respectively). For brevity, the relative illumination wavelengths are hereon referred to as "blue", "green", "white" and "red" (white refers to the unltered WLED source). Our setup was capable of sustaining 2 suns intensity red band-pass ltered illumination, which required an equivalent of 8.765 sun unltered white LED illumination. The cells were measured with a 5 Â 5 mm black anodised aluminium mask. Fig. 1 illustrates the entirety of the measurement procedure used in this study. A series of large and small optical perturbations were applied to the cell, and the short circuit photocurrent response was acquired as a function of time. Photocurrent transients are simple and quick to measure; each photocurrent transient measurement was acquired within $10 s, and the total acquisition time for all the data presented in this study (excluding repeats) was $42 min. Shorter measurements have the advantage of minimising light exposure, which reduces the potential for dri or degradation, improving measurement accuracy and repeatability. In general, this method can be useful for the screening of other less photostable devices.
The photocurrent transient measurements were performed under short-circuit conditions. Ultrafast solid-state switches were used to control power delivery to the LEDs and timed using a DAQ (NI-6211 and NI-6703, National Instruments). Light intensity and optical modulations were applied by using a programmable power supply (CPX400DP, Thurlby Thandar Instruments). Photocurrent rise transients (Fig. 1a, red) were obtained by measuring the photocurrent response (at shortcircuit and 25 C), following dark to illumination. Next, aer 5 s of illumination, a series of small optical perturbations were applied ( Fig. 1a and b, blue) as a square wave pulse (0.1 s on, 0.4 s off). The modulation pulse intensity was maintained at 5-2% of the stand-by sun intensity; greater perturbations were required at lower intensities in order to improve the signal-tonoise ratio. Finally, aer 7 s, the light was switched off, whilst simultaneously measuring the photocurrent decay transient (Fig. 1a and 3 Results and discussion 3.1 Cross-sectional absorption prole Fig. 2a shows the UV-vis absorption spectrum of a LEG4-sensitised photoanode, which exhibits a broad absorption peak around 460 nm. Fig. 2b illustrates the exponential attenuation of monochromatic light across the sensitised photoanode. Importantly, this affects the electron photogeneration prole which is proportional to light absorption throughout the photoanode. 37, 43 Additionally, the direction of illumination can be varied, with the illumination source facing either the substrate-electrode (SE) or electrolyte-electrode (EE). These parameters can be used to qualitatively control the photogeneration prole, and the subsequent spatial distribution of injected electrons in TiO 2 and [Co(bipy) 3 ] 3+ in the electrolyte. This changes the average diffusion distance for the respective charge carriers, which is illustrated in Fig. 3 or strong EE-blue absorption should generate more [Co(bipy) 3 ] 3+ closer to the EE-side, which would decrease the average diffusion distance to the counter electrode. Some caveats should be noted. Firstly, band-pass ltered LED illumination was used, rather than a monochromatic source, for ease of implementation. Nevertheless, the discussion above remains relevant as the relative absorption proles can still be compared. Secondly, a uniform photoanode was required to fairly compare SE/EE-illumination directionality. Therefore, TiO 2 lms were prepared as a transparent TiO 2 layer. Typically, in high performance devices, an additional TiO 2 scattering layer is added to increase the photocurrent. 45, 46 As such, the devices in this study produce less current than typically expected. Also, Fig. 2 shows that there is a substantial spectral mismatch of the WLED versus AM 1.5; the current measured using WLEDs was >20% lower when compared to AM 1.5 irradiance. To demonstrate that the ndings in this study are broadly relevant to electrolytic DSSCs, a repeat set of measurements based on AM 1.5 characterised high efficiency DSSCs is included in the ESI (Fig. S10-1X †) . These additional results fully replicate the trends presented in this manuscript, which shows that the lower current of the devices does not affect the conclusion. Thirdly, unlike iodide-based electrolytes, the absorption losses to the electrolyte under EE-illumination are relatively minor, given that [Co(bipy) 3 ] 2/3+ is weakly absorbing. 7, 8, 11 The uniformity and transparency of Pt electrodes can affect transmission losses for EE-side illumination. Overall, up to an $10% optical transmission loss in the 300-700 nm range for the back electrode relative to the front electrode (ESI Fig. S9 †) was observed. EE-illuminated devices tend to exhibit lower current when compared to SE-illumination, at lower light intensities, primarily due to the reduced optical transmittance of TEC8 glass relative to TEC15 glass. Nevertheless, it is later shown that the photocurrent is substantially higher for EEillumination at high light intensities, where mass transport limitations may occur. Finally, the use of higher than one sun intensities and non-uniform absorption can be compared to other DSSCs with more strongly absorbing sensitisers, in terms of equivalent photocurrent density. Also, higher than one sun light intensities can be used to more easily distinguish differences in limiting current and operating limitations.
Photocurrent linearity and photocurrent turn-on transients
Deviations in the linearity of photocurrent as a function of light intensity can be used to determine the presence of current limitations. 15, 16, 47, 48 Fig. 4a and b compare the steady state current (J SS ) obtained aer equilibrating for 5 seconds under constant illumination, for different illumination wavelengths and illumination directions. The effects of the photoanode thickness and non-uniform absorption prole are compared. Most notably, Fig. 4a and b show that stronger EE-absorption (i.e., EE-blue) results in signicantly higher and more linear J SS , irrespective of increasing photoanode thickness or light intensity. Conversely, stronger SE-absorption (i.e., SE-blue) results in lower J SS , which scales linearly until $0.5 sun (see the vertical dashed line). Above 0.5 sun, J SS sharply decreases and then scales linearly with a reduced slope, which shows that current becomes limited with respect to light intensity. This indicates that recombination sharply increases and subsequently scales proportionally with light intensity. Comparing at 2 suns, J SS increases in the order of SE-blue, SEgreen, SE-white, SE-red, EE-red, EE-white, EE-green and EEblue. Overall, at higher intensities, J SS increases as the absorption prole is skewed to the EE-side, and absorption is minimised from the SE-side. This is consistent with current limitations resulting from the insufficient mass transport of [Co(bipy) 3 ] 3+ to the counter electrode. Moreover, this shows that current limitations signicantly worsen when the [Co(bipy) 3 ] 3+ diffusion distance through the TiO 2 mesopores increases. This is in agreement with rotating disc electrode voltammetry measurements of redox mediator diffusion through TiO 2 lms. 14 Importantly, this shows that the spatial absorption prole across the photoanode signicantly contributes to current limitations, and even more so than parameters such as photoanode thickness and light intensity. Finally, Fig. 4a and b show that J SS tends to scale more invariantly with respect to the wavelength (see black arrows), for thinner photoanodes under SE-illumination and thicker photoanodes under EEillumination. These trends indicate two different underlying current limiting processes, which are examined below.
Photocurrent turn-on transients can be used to identify current limiting processes in the time domain. Fig. 4c-f show the photocurrent transient response, following illumination from dark, under short-circuit conditions. For brevity, only 1 sun photocurrent transients are compared here. Comparing SEillumination, Fig. 4c and d show that strong SE-absorption results in an initial peak (J peak ), followed by a secondary J peak decay transient, reaching J SS aer 10 À2 -1 s. Unlike J SS , J peak scales linearly with light intensity and represents the maximum extractable current prior to current limitations. Fig. 4c and d show that J peak increases proportionally with more strongly absorbed wavelengths, although this reaches a plateau as TiO 2 lm thickness increases. This shows that the devices are limited by electron injection from the dye and/or electron collection through the TiO 2 lm. The timescale of the subsequent J peak decay transients is consistent with redox mediator diffusion and has been experimentally attributed to the mass transport limitations of the redox mediator. Fig. 4e and f show that under strong EEabsorption, the initial photocurrent rise transient is biphasic, comprising two independent single exponential rises. This consists of a slow rise shoulder preceding a fast rise, which follows a sharp transition occurring between 10 À3 and 10 À2 s (see the vertical dashed line, Fig. 4e and f). This shows that the overall collection of electrons in the external circuit is initially limited on the 10 À4 -10 À2 s time-scale. A similar rise shoulder has been previously reported in the literature for iodide-based DSSCs, 51 although the rise delay appears on the 10 À4 -10 À3 s timescale and is far less pronounced than that of Fig. 4 . The delay in current rise can be explained by the time taken for a sufficient number of electrons, injected from the EE-side, to diffuse through the TiO 2 lm and ll the electron trap states closer to the TiO 2 /FTO interface. Overall, this process limits the initial electron collection in the external circuit and is thus referred to as "t COL ". Moreover, t COL linearly correlates with the electron transport time constant (t tr ), obtained in the subsequent measurements (ESI, Fig. S2 †) . Also, t COL increases surprisingly linearly with photoanode thickness and decreases with light intensity, which is in agreement with previous observations for t tr . 52 In addition, t COL exhibits a power law dependence on light intensity (ESI, Fig. S3 †) , as similarly reported for t tr .
53-56 These correlations may suggest that t COL is equivalent to t tr , since both describe electron collection through the TiO 2 lm. Finally, it is interesting to note that the current reached at t COL , hereon referred to as "J COL ", linearly correlates with J SS (ESI, Fig. S4 †) . This suggests that J SS may be determined from the initial rise shoulder of the turn-on photocurrent rise transient. Fig. 5 shows the J-V of an atypical DSSC with an extremely thick TiO 2 lm of 19.5 mm. This was intentionally used to study the effect of mass transport on the J-V characteristics. Identical trends were reproduced with thinner TiO 2 performance optimised DSSCs (see ESI Fig. S12 and 13 †) . Counterintuitively, the performance of DSSCs with mass transport limitations can be substantially improved with EE-illumination, strongly absorbing sensitisers and thicker photoanodes. This shows that thicker lms are not inherently worse for mass transportrather that the real issue is the average distance that redox mediators need to travel through the lm. Fig. 5 shows that stronger EE-absorption also leads to signicantly greater PCE. At higher intensities, both J SC and V OC increase under stronger EE-absorption, which is consistent with the increased diffusion ux of [Co(bipy) 3 ] 3+ to the counter electrode and reduced electron back recombination to [Co(bipy) 3 ] 3+ . Previous studies of iodide-based DSSCs have reported lower PCE under EEillumination (relative to SE-illumination). 38 Typically, this can be attributed to light absorption losses to the bulk electrolyte, since EE-illumination increases the distance that light travels through the bulk electrolyte prior to reaching the sensitised photoanode. In contrast, cobalt bipyridine-based electrolytes are signicantly less absorbing and can be more suitable for operation under EE-illumination. Also, due to the presence of the J peak decay transients (as observed in Fig. 4c and d) , the cells were initially equilibrated under short-circuit conditions and illumination, prior to scanning the J-Vs. This prevents the overestimation of J SC and is generally recommended for the measurement of cells which do not quickly stabilise to J SS . To compare hysteresis, the J-Vs were scanned cyclically, from 0 V to 1 V to À0.1 V and return. Fig. 5 shows that hysteresis increases, especially near the maximum power point, when scanning in the direction from V OC to J SC , under strong SE-absorption and higher light intensities. This leads to an overshoot in current, leading to an overestimated ll-factor and PCE. Such overshoots are not present under EE-illumination. The trends of J-V overshoot hysteresis were also observed for efficiency optimised DSSCs at higher light intensities (ESI Fig. S13 †) . While this issue is less pertinent for optimised ACN devices at 1 sun, it can be highly noticeable for DSSCs with more viscous electrolytes. Similar overshoots can be observed in J-Vs reported in the literature, 19, 57 including some that have not been commented upon. 34, 35, 58 The effect of applied bias on the J-V hysteresis will be reported elsewhere.
59
Additionally, devices with performance optimised TiO 2 lms were characterised under AM 1.5 solar irradiance (see ESI, Fig. S12 †) . A slight improvement in photocurrent was obtained when changing from DSL18NRT-based TiO 2 lms to bilayer TiO 2 lms consisting of DSL30NRD and WER2-O scattering particles. It should be noted that the TiO 2 porosity is greater for lms made with DSL30NRD, when compared to DSL18NRT. In addition, lower concentrations of TiCl 4 post treatment were tested for the DSL30NRD-based DSSCs. Measured under AM 1.5, the improvement in 1 sun J-V performance was negligible for the different TiO 2 lms. Overall, the 1 sun efficiencies were similar (Fig. S12 †) showing that the devices are mainly limited by light absorption and the diffusion distance through the TiO 2 lm, as opposed to the porosity of the TiO 2 lm. In later sections, photocurrent transient measurements were repeated with these higher efficiency devices and similar trends could be observed.
Short-circuit charge extraction current decay transients
Charge extraction can be used to estimate the density of excess charge carriers stored inside the TiO 2 photoanode (Q SC ), under illumination and at short-circuit. However, this requires minimal recombination losses in order to fully extract the excess charge. 43, 44, 60 Albeit unconventional, charge extraction can also be ideal for analysing collection kinetics. Under dark and short-circuit conditions, the excess charge relaxes predominantly via collection and recombination. Typically, the Q SC versus J SS curve follows a power law, 43, 61 assuming that collection dominates, which appears linear on a log-log plot (hereon, power law trends are referred to as "linear"). However, sub-linear deviations can arise in the Q SC curves when the collection efficiency changes as a function of light intensity. Previous work shows that non-linear Q SC deviations can be caused by a reduction in the total concentration of [Co(bipy) 3 ] 3+ in the bulk electrolyte.
15 By extension, the following results show that non-linear Q SC deviations can also arise, for a xed bulk electrolyte, purely as a function of the steady-state photogeneration prole.
Most strikingly, Fig. 6 shows that SE/EE-illumination directionality signicantly affects the Q SC curve linearity. To compare linearity, a power law extrapolation was applied to the linear regions of the Q SC curves, which is shown for EE-blue (dashed blue line) and SE-blue (solid blue line). Under EE-illumination, the Q SC curves (open markers) tend to be linear and overlap, irrespective of the light intensity, thickness or illumination wavelength; with the exception of red illumination for which Q SC is slightly lower. This shows that under EE-illumination, the steady-state electron generation prole scales invariantly, with respect to the thickness and wavelength, whilst collection efficiency remains constant. In stark contrast, SE-illumination leads to the Q SC curves (solid markers) deviating from linearity above $0.5 sun ($3-4 mA cm À2 , vertical blue dashed line), especially at higher light intensities (blue arrows). Moreover, the magnitude and shape of the Q SC curves are affected by both the thickness and the wavelength. Fig. 6a-d show that Q SC shis vertically down for stronger SE-absorption and thicker lms. This is most visible when comparing SE-blue (see black arrows). Such downward shis in Q SC can indicate a shi in the conduction band edge potential or faster recombination kinetics at the TiO 2 /electrolyte interface. 62 The former is less likely, given that an identical cell under EE-illumination results in Q SC scaling invariantly, ruling out the possibility of electrolytic components signicantly inuencing the TiO 2 surface charges. Typically, Q SC would be expected to increase for thicker lms, given the increased capacity of the photoanode to generate and store charge. However, thicker lms and stronger SE-absorption contribute to the increased accumulation of [Co(bipy) 3 ] 3+ inside the mesoporous TiO 2 lm, which increases electron recombination to [Co(bipy) 3 ] 3+ . Up to $0.5 sun, the Q SC curves remain linear as recombination scales proportionally with light intensity. The vertical down shis in Q SC correspond to increased recombination losses, which scale proportionally with light intensity. However, at higher intensities, recombination scales non-linearly which results in the Q SC deviating from linearity. Moreover, at higher light intensities, the Q SC curve gradually changes in shape as a function of SE-absorption and thickness. This is most visible when comparing SE-blue at higher light intensities (vertical dashed blue line); sub-linear deviations at higher intensities are highlighted (blue arrows). For instance, Fig. 6a-c show that thinner cells exhibit Q SC deviations which decrease below linearity, whereas Fig. 6d shows that thicker cells exhibit Q SC deviating above linearity. At rst glance, these trends appear to violate charge conservation; however, the former indicates excessive recombination losses, whereas the latter indicates reducing recombination losses. Compared to Fig. 4 , this shows that the Q SC deviations only occur when there is a current limitation. To further analyse how current limitation affects the overall collection kinetics, the raw current decay transients obtained from charge extraction measurements were analysed. Charge extraction photocurrent decay transients show the overall current collected to the external circuit, as a function of time. Under illumination and short-circuit conditions, the steady-state electron concentration prole follows an exponential distribution, as a function of light intensity.
51, 63 The subsequent current decay transient in the dark depends on a number of dynamically changing factors including the total electron concentration, the spatial electron concentration gradient, electron trapping and the electrolyte concentration prole. The interpretation of such transients is complicated and to the best of our knowledge has yet to be attempted. Fig. 7a shows the typical photocurrent decay transient, similarly observed in the literature, 43,64,65 which can be described as comprising an initial shoulder followed by an exponential tail. Time domain analysis can be simplied by qualitatively analysing the photocurrent transients as a function of the photogeneration prole. In principle, assuming that excess recombination to [Co(bipy) 3 ]
3+ is occurring, there should be signicantly increased current decay on the 10 À3 s timescale, as previously observed in the turn-on photocurrent transients ( Fig. 4c and d) . Most notably, Fig. 7b-d The decay rate increases since recombination provides an additional pathway for the excess electrons to relax. As such, the initial current decay rate on the 10 À4 -10 À3 s timescale is also faster under higher intensities and stronger SE-absorption. Moreover, Fig. 7b and c show that following the excess recombination dip, the current transient temporarily rises again. This shows that excess electrons remained inside the TiO 2 and could not be fully extracted until the rate of electron recombination to [Co(bipy) 3 ] 3+ had decreased. Also, this indicates that the thicker photoanodes actually store more electrons, however, extract less charge due to greater recombination. This accounts for the upwards curve of Q SC observed in Fig. 7d ; despite greater overall net recombination losses, more electrons gradually accumulate inside the TiO 2 at higher intensities. In addition, when the current transient reaches temporarily zero in Fig. 7b-d , the rates of recombination to [Co(bipy) 3 ] 3+ and electron collection are momentarily equal. Also, under high intensities and strong SE-absorption, the electron ow can even reverse its direction. The reversal in current can only occur when electrons are owing back from the external circuit and into the photoanode, when the net recombination ux exceeds the collection ux. Given that there is already an excess number of electrons inside the TiO 2 , it is unlikely that recombination via the mesoporous TiO 2 can account for net current reversal. As such, this indicates that signicant quantities of [Co(bipy) 3 ] 3+ accumulate inside the mesoporous TiO 2 and at the FTO interface, resulting in both recombination with electrons in TiO 2 and electrons from the external circuit. To conrm that recombination occurs primarily at the FTO interface, follow-up measurements were made on similar cells comparing the effect of TiO 2 blocking layers on the FTO. . Thus far, all devices were prepared using a TiCl 4 treatment, which introduces a thin compact TiO 2 blocking layer onto the FTO interface. The blocking effect increases in the ascending order of untreated FTO, TiCl 4 treated FTO and compact TiO 2 treated FTO prepared with spray pyrolysis. Fig. 8 shows that reduced FTO blocking leads to faster current decay with an increased dip at 2 ms, which indicates faster recombination. For the thickest blocking layer, signicantly more charge is extracted with a longer current decay shoulder, and recombination on the 10 À3 s timescale is greatly reduced. . Moreover, strong EE-absorption can also be effective in suppressing FTO recombination, as shown by FTO-EE in Fig. 8 . This shows that FTO blocking layers are not inherently necessary for EE-illuminated cells. Finally, similar to Fig. 6d , the Q SC curves of the devices with thicker TiO 2 blocking layers on the FTO (ESI, Fig. S5 †) when linearizing the photocurrent response. 44, 60 Suggestions for more accurate measurements of electron transport are discussed below. Fig. 9 shows the photocurrent response, following a small square-wave optical modulation in light intensity, under steadystate short-circuit conditions. Small perturbation photocurrent decay transients are commonly used to calculate the electron transport time-constant (s tr ), which describes the average time required for the photoinjected electron to diffuse through the mesoporous TiO 2 to the external circuit. This can be determined from a single exponential decay t to the small perturbation photocurrent decay transient. 43, 52, 53 Typically, DSSCs with high collection efficiency are expected to exhibit a mono-exponential decay, which can be observed in Fig. 10 for devices with stronger EE-absorption and thicker TiO 2 lms. Interestingly, the decay time-constants obtained under EE-illumination appear to be invariant with respect to the illumination wavelength (ESI, Fig. S6 †) . This shows that electron transport measurements under EE-illumination are less sensitive to the colour spectrum of the light source, which could also improve the comparability of electron transport measurements between different labs. This is in agreement with previous studies which have also recommended EE-illumination for more reliable measurement of electron transport.
37,39
Similar to Fig. 7 , the photocurrent decay transients in Fig. 10 show that excess electron recombination to [Co(bipy) 3 ] 3+ occurs on the 10 À3 -10 À2 s timescale, which increases for stronger SEabsorption, higher light intensities and thinner TiO 2 lms. In addition, the small perturbation rise and decay transients in Fig. 9 (see dashed lines) are essentially identical, unlike the respective large perturbation transients in Fig. 4 and 7. Similar to Fig. 4 , Fig. 9 shows that J peak decay and J min rise transients also occur on the 10 À2 -1 s timescale, which corresponds to the gradual increase or decrease in electron recombination to [Co(bipy) 3 ] 3+ at the FTO interface, respectively (see Fig. 9 , orange and green arrows). Furthermore, Fig. 9 (see the purple arrow) and Fig. 10 Fig. S7 †) . Finally, it is interesting to note that similar to Fig. 7, 10c and d show that the photocurrent decay transient is preceded by an initial slow decay shoulder, which increases with TiO 2 lm thickness and stronger EE-absorption. The initial delay could relate to t COL , which was observed in the turn-on rise photocurrent transients in Fig. 4 , and would be consistent with the increased delay in collecting electrons which are photoinjected further from the collecting FTO contact. However, to further conrm this, additional measurements with higher resolution are required. All these trends have been reproduced in high efficiency DSSCs with various optimised TiO 2 lm structures (ESI, Fig. S13-15 †) . Overall, small perturbation transients yield similar information to large perturbation transients. However, given the much smaller range of the data signal, the measurements of photocurrent can be highly sensitive to noise and dri -the latter of which can be improved through time-consuming averaging. In general, greater noise was observed at lower intensities whereas greater dri was observed at higher intensities. Whatever the case, devices more prone to dri will be less suitable for small perturbation measurements and may be better measured using large perturbation measurements. Importantly, the presence of current limitations such as [Co(bipy) 3 ] 3+ mass transport can be harder to distinguish from small perturbation transients, especially at lower light intensities. Therefore, it is highly recommended to measure large perturbation turn-on transients, prior to measuring small perturbation transients or any other steady-state measurements, in order to avoid inaccuracy in the determination of collection-dependent variables such as electron transport time and extracted charge density.
Conclusions
In summary, non-uniform intense absorption from the substrate-electrode side (strong SE-absorption) can signi-cantly contribute to both the gradual depletion of [Co(bipy) More generally, we have developed a powerful method for the interpretation of both large and small photocurrent transients. Through the combination of the illumination wavelength and illumination direction, we directly control the subsequent photogeneration prole of charge carriers throughout the mesoporous TiO 2 lm. By analysing photocurrent transients in the time domain, the time-of-ight transits for electron and hole collection kinetics could be observed. Using this approach, we could directly simplify the interpretation of large perturbation phototransients directly in the time domain, using a qualitative analysis. Furthermore, the large perturbation phototransients yield similar if not more information than the standard small perturbation phototransients. The further use of large perturbation photocurrent transients is recommended because of their speed, simplicity and repeatability.
The ndings of this work are especially relevant to the development of more stable DSSCs with viscous electrolytes, which are likely to be limited by the mass transport of the redox mediator. This work shows that the absorption prole can exacerbate mass transport issues in acetonitrile-based DSSCshowever, this work is not intended for the optimisation of acetonitrile-based DSSCs. It is aimed at providing strategies to optimise the efficiency of DSSCs with more viscous electrolytes. This work should encourage further optimisation of alternative redox mediator DSSCs (such as cobalt polypyridine or copper polypyridine) using more robust viscous electrolytes and EEside optimisation. Additional work is required to optimise the addition of TiO 2 scattering layers for EE-side absorption. The performance optimisation of more viscous electrolyte cobaltbased DSSCs in 3-methoxypropionitrile is being carried out in separate ongoing experiments, and preliminary results have yielded greater than 8% PCE at 1 sun. In such devices, it should be important to maximise light absorption from the EE-side or to minimise light absorption near the collecting FTO interface of the working electrode. Further improvements in performance can be possible, for instance, by reducing the concentration of the oxidised redox mediator (i.e., [Co(bipy) 3 ] 3+ ) in the bulk electrolyte, optimising the TiO 2 porosity, and the addition of back-scattering TiO 2 layers (on the SE-side). Additional passivation of the TiO 2 photoanode for instance via the addition of Al 2 O 3 barrier layers can also be used to further reduce recombination losses. Also, this work reintroduces the feasibility of bulkier redox mediators, which were previously disregarded due to slow mass transport. Hopefully, this work should encourage additional work into higher viscosity electrolytes, in order to replace volatile acetonitrile-based electrolytes, which should be a critical step forward towards the development of commercially viable DSSCs.
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